Background: Considerable debate continues to surround the concept of mitochondrial dysfunction in aging muscle. We tested the overall hypothesis that age per se does not influence mitochondrial function and markers of mitochondria quality control, that is, expression of fusion, fission, and autophagy proteins. We also investigated the influence of cardiorespiratory fitness (VO 2 max) and adiposity (body mass index) on these associations. Methods: Percutaneous biopsies of the vastus lateralis were obtained from sedentary young (n = 14, 24 ± 3 years), middle-aged (n = 24, 41 ± 9 years) and older adults (n = 20, 78 ± 5 years). A physically active group of young adults (n = 10, 27 ± 5 years) was studied as a control. Mitochondrial respiration was determined in saponin permeabilized fiber bundles. Fusion, fission and autophagy protein expression was determined by Western blot. Cardiorespiratory fitness was determined by a graded exercise test. Results: Mitochondrial respiratory capacity and expression of fusion (OPA1 and MFN2) and fission (FIS1) proteins were not different among sedentary groups despite a wide age range (21 to 88 years). Mitochondrial respiratory capacity and fusion and fission proteins were, however, negatively associated with body mass index, and mitochondrial respiratory capacity was positively associated with cardiorespiratory fitness. The young active group had higher respiration, complex I and II respiratory control ratios, and expression of fusion and fission proteins. Finally, the expression of fusion, fission, and autophagy proteins were linked with mitochondrial respiration. Conclusions: Mitochondrial respiration and markers of mitochondrial dynamics (fusion and fission) are not associated with chronological age per se, but rather are more strongly associated with body mass index and cardiorespiratory fitness.
respiration (4), ATP production (10, 14) , mitochondrial permeability transition pore function (2) , and H 2 O 2 emission (16) . Furthermore, several of these investigations were performed in isolated mitochondria (6, 9, 11) , which has been shown to exaggerate the observed deficit in mitochondrial function, when compared to measurements conducted on permeabilized myofibers (17) . Moreover, most studies of mitochondrial respiration have not considered important covariates such as participant physical activity levels (9) , adiposity (11) , and fiber type percentage, which could confound the relationship between mitochondrial capacity and age (10, 12, 18, 19) . Collectively, these studies suggest that careful consideration of the methods and participant characteristics are needed when investigating age-related declines in mitochondrial function.
The mitochondrial reticulum is dynamic and undergoes constant remodeling through fusion, fission (20) and recycling by autophagy (21) . Emerging evidence indicates that these processes are essential for the maintenance of a healthy mitochondrial pool (22) . Mitochondrial fusion is regulated by proteins mitofusion-1 and -2 (MFN1 and MFN2) and optic atrophy-1 (OPA1). Fusion allows the components of the mitochondria to be exchanged and diluted, which is thought to prevent mutations in mtDNA caused by respiratory dysfunction (23) . Mitochondrial fission is regulated by proteins fission-1 (FIS1) and dynamin-related protein 1 (DRP1). Fission segregates damaged portions of the mitochondria for removal by mitophagy (mitochondrial specific autophagy) (24) . While the orchestration of fusion, fission, and autophagy are important for maintaining mitochondrial integrity, few human studies have examined mitochondrial quality control in aging and how they relate to other mitochondrial functions (1, 25) .
The purpose of this study was to comprehensively assess mitochondrial respiratory characteristics across a wide age range using permeabilized myofibers, an approach that preserves the mitochondrial reticulum, while considering participant cardiorespiratory fitness (VO 2 max), and body mass index (BMI). We also sought to determine whether the expression of mitochondrial quality control proteins is affected by age. We hypothesized that mitochondrial respiration and expression of quality control proteins would be unaffected by chronological age per se, but would be more closely associated with age-related changes in BMI and cardiorespiratory fitness.
Method

Subjects
Sixty-eight men and women participated in this cross-sectional study. Subjects were eligible if they were between the ages of 20-90 years, were weight stable (±3 kg in preceding 3 months), and in good general health. Subjects were excluded if they were participating in another interventional research study, had a chronic medical condition and were pregnant or breast-feeding. Additional inclusion and exclusion criteria specific to the older subjects were previously described (4). All subjects provided written informed consent and the study was approved by the University of Pittsburgh Institutional Review Board.
Groups
Subjects were recruited into one of the following groups: young sedentary (YS, 21-30 years), middle-aged sedentary (MAS, 31-55 years), and older sedentary (OS, 70-88 years) based on age (sedentary: ≤1 structured physical activity session per week of <20 minutes), and an active young control group (YA, 21-33 years) that engaged in 3-5 structured physical activity sessions per week as determined by self-report.
Cardiorespiratory Fitness (VO 2 max)
Cardiorespiratory fitness was determined as peak aerobic capacity measured using a graded exercise protocol, as previously described (4, 26) . The test was terminated as per the criteria outlined in the American College of Sports Medicine exercise testing guidelines (27) .
Skeletal Muscle Biopsy Procedure
Percutaneous muscle biopsies were obtained at the University of Pittsburgh's Clinical Translational Research Center on a morning after an overnight fast. Participants were instructed not to perform physical exercise 48 hours prior to the biopsy procedure. Biopsy samples were obtained from the middle region of the vastus lateralis under local anesthesia (2% buffered lidocaine) as described previously (28) . A portion of the biopsy specimen (~10 mg) was placed in ice-cold preservation buffer (BIOPS) (4) for analysis of mitochondrial respiration. The remaining muscle tissue were processed for histochemistry (~30 mg) or frozen in liquid nitrogen (~50 mg) and stored at −80°C.
High-Resolution Respirometry
Permeabilized myofiber bundles were prepared immediately after the biopsy procedure, as described in the Supplementary Material. Mitochondrial respiration was evaluated by high-resolution respirometry (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria). Measurements were performed in duplicate, at 37°C, in the range of 230-150 nmol O 2 /mL. LEAK (L I ) respiration was determined through the addition of pyruvate (5mM), malate (2mM) and glutamate (10mM). ADP (5mM) was added to elicit complex I supported OXPHOS (P I ) respiration. Cytochrome c (10 μM) was added to assess the integrity of the outer mitochondrial membrane. Any sample that showed an increase in respiration of more than 15% with the addition of cytochrome c was not included in the final analysis. Succinate (10 mM) was then added to elicit complex I+II supported OXPHOS (P I+II ). FCCP (1 µM) was added to determine electron transfer system capacity or maximal uncoupled respiration. Rotenone (1 µM) was added to inhibit complex I supported OXPHOS respiration, and the remaining respiration revealed the maximal electron transfer system capacity with complex II substrates only (E II ). Steady state O 2 flux for each respiratory state was determined and normalized to myofiber bundle dry weight using Datlab 4 software (Oroboros Instruments).
Respiratory control ratios/factors were calculated to investigate intrinsic mitochondrial respiratory capacity. Respiratory acceptor control ratios were calculated as P I /L I and P I+II /L I . Flux control ratios were calculated for L I , P I and P I+I , and offered an estimation of the leak and OXPHOS capacity within the electron transfer system capacity. Complex I (CI: P I+II -E II ) and complex II (CII: P I+II -P I ) control factors were calculated to investigate the relative change of O 2 flux in response to a transition of substrate availability in a defined coupling state.
Immunohistochemistry
Myofiber type and cross-sectional area were determined on serial sections, as described in the Supplementary Material. Briefly, sections were stained for type I and type II myocytes, while the type IIx fibers remained unstained. Images were visualized, digitally captured, and analyzed as previously described (29) .
Immunoblotting
Whole muscle homogenates were prepared for Western blot as previously described (29) . Protein expression of markers of mitochondrial fusion (OPA1 and MFN2), fission (FIS1 and DRP1), autophagy (Beclin-1, BNIP3, and LC3-II/LC3-I), and mitochondrial content (OXPHOS) were measured as described in the Supplementary Material. Protein loading was controlled by normalizing bands of interest to α-Tubulin. Gel-to-gel variation was controlled for by using a standardized sample on each gel.
Statistics
Group differences were tested using a One-way analysis of variance followed by post hoc Tukey test, or Kruskal-Wallis followed by MannWhitney U test, as appropriate. The distribution of sex and race across groups were determined by Chi-squared test. Multiple linear regressions were performed to test whether BMI, cardiorespiratory fitness, and fiber type percentage play a role on the association between mitochondrial capacity and age. Sex and race were considered additional covariates. Bivariate correlations were first tested to investigate relationships between mitochondrial variables and age, with the covariates. Each of the covariates were controlled in the regression model if they significantly associated with the dependent and/or independent variable. Statistical significance was established at p ≤ .05.
Results
Participant Characteristics
The participant characteristics can be found in Table 1 . A total of 68 individuals with a wide range of age (20-88 years), BMI (19-47 kg/ m 2 ) and VO 2 max (1.08-5.04 L/min) participated in this study. There were no baseline differences in sex and race among groups (p > .05).
The YS and MAS groups had a higher weight and BMI than the YA and OS groups (p < .05). Cardiorespiratory fitness was the highest in the YA group and lowest in the OS group (p < .05).
Myofiber Type and Cross-Sectional Area
The YA group presented a higher percentage of type I fibers, and a lower percentage of type II fibers, compared to the YS, MAS, and OS groups (p < .05, Table 2 ). Additionally, the YA and OS groups presented a lower percentage of type IIx fibers compared to the YS and MAS groups (p < .05, Table 2 ). There were no significant differences in cross-sectional area for any fiber type among groups (p > .05).
Mitochondrial Respiration
When examining only the sedentary groups, there were no agerelated deficits in mitochondrial respiration ( Figure 1A , p > .05). The sedentary groups presented lower L I , P I , P I+II , E I+II , and E II respiration compared to the YA group ( Figure 1A ; p < .05). We also examined mitochondrial respiration normalized to total respiratory chain abundance (OXPHOS total) to determine whether there were any differences in intrinsic mitochondrial respiratory capacity between groups. While L I respiration was found to be higher in the MAS group when compared to YS and OS groups (p < .05), we found no differences in P I , P I+II , E I+II , and E II respiration between the four age groups (p > .05). These results suggest that the higher non-normalized mitochondrial respiration observed in the YA group when compared to the sedentary groups is attributed to higher mitochondrial content in the active group. Respiratory Values are Mean ± SD. A = asian; AA = african American; BMI = body mass index; C = caucasian; F = female; M = male; O = other. Figure 1C ; p < .05). CI and CII control factors were both reduced in the sedentary groups compared to the YA group ( Figure 1B ; p < .05).
While we observed that mitochondrial respiration was not influenced by sex, race or fiber type percentage (p > .05), we found that it was negatively associated with BMI and positively associated with cardiorespiratory fitness (VO 2 max; Figure 2 ; p < .05). We then examined the association between mitochondrial respiration and age when controlled for these covariates (BMI and VO 2 max; Table 3 ). We found that BMI and VO 2 max combined to explain 31%-45% of the variance of mitochondrial respiration (p < .05), depending on the respiratory state, with age explaining only an additional 1.4%-6.8% of the variance in mitochondrial respiration (Table 3 ; p < .05 for L I and E I+II , and p > .05 for P I and P I+II ). The YA subjects are likely driving these associations since they had higher VO 2 max values and lower BMI when compared to the other groups (Table 1) . We next examined the association between mitochondrial respiration and age when controlled for VO 2 max and BMI in the sedentary subjects only. While BMI and VO 2 max combined explained between 12%-27% of the variance in mitochondrial respiration (p < .05), we found that when these covariates are controlled for, age does not explain a significant percent of variance in mitochondrial respiration (Table 3 , p > .05). Collectively, these findings suggest that BMI and cardiorespiratory fitness, rather than chronological age per se, are more influential to mitochondrial respiratory capacity.
Protein Expression
The sedentary groups had reduced levels of OPA1 compared to the YA group ( Figure 3A ; p < .05). Additionally, the sedentary MAS and OS groups presented lower levels of MFN2, FIS1, and DRP1 protein expression compared to YA (Figure 3A and B; p < .05). The MAS group had lower expression of beclin-1 compared to the YA ( Figure 3C ; p < .05), while there were no differences in BNIP3 and LC3-II/LC3-I ratio between the groups ( Figure 3C ; p > .05). When examining only the sedentary groups, there were no group differences for the proteins measured, except for DRP1. MAS group had a reduced level of DRP1 compared to YS ( Figure 3B ; p < .05).
Quality control protein expression was not associated with age. Additionally, expression of quality control proteins was not influenced by sex. The expression of mitochondrial fusion proteins OPA1 and MFN2 ( Figure 4A and B) , fission proteins FIS1 and DRP1 ( Figure 4C and D) , and autophagy proteins Beclin-1 and BNIP3 correlated negatively with BMI (p < .05). Similarly, among the sedentary groups only, we found that OPA1, MFN2, FIS1, and Beclin-1 were also negatively correlated with BMI (p < .05). These findings suggest that the capacity for mitochondrial fission, fusion and autophagy is preserved during chronological aging per se, but it is influenced by cardiorespiratory fitness and BMI. Interestingly, both fission and fusion proteins correlated with BMI, suggesting that increased BMI influences the capacity for both processes in sedentary individuals. Additionally, expression of fusion, fission, and autophagy proteins were correlated with several mitochondrial respiratory states (Supplementary Table 1 , p < .05).
The expression of complex I and V protein was lower in the MAS compared to YS group ( Figure 3D ; p < .05). Complex III protein was lower in the sedentary groups compared to YA ( Figure 3D ; p < .05). Total OXPHOS protein content was lower in the MAS when compared to the YA and YS groups ( Figure 3D ; p < .05).
Discussion
Deeper interrogation into mitochondrial function in aging is crucial to better delineate mitochondria as a feasible therapeutic target for sarcopenia and loss of physical function. We measured several aspects of substrate-supported respiration and respiratory control parameters, along with markers of electron transport chain content and quality control in human muscle ranging from 21 to 88 years of age. Our main finding was that maximal rates of mitochondrial respiration, and capacity for fusion, fission, and autophagy are not altered with chronological age per se, but that cardiorespiratory fitness and BMI play a more dominant role in explaining the apparent age associated changes.
There have been many reports describing lower mitochondrial oxidative capacity with aging (6-11), however, the majority have not considered important covariates such as cardiorespiratory fitness (8,9) and BMI (7, 8, 11) . Many have also used isolated mitochondria (6,9,11). Tonkonogi et al. (7) found lower mitochondrial respiration with age, when compared young (22-31 years) and old (61-86 years) sedentary subjects matched for physical activity levels. Despite matching groups for the degree of physical activity, the older subjects had lower cardiorespiratory fitness by VO 2 max (7), although this was not associated with mitochondrial respiration. However, no information on participants' body composition was presented, which could contribute and partially explain the lower mitochondrial respiration in the older group. Similarly, a recent study using permeabilized myofibers also reported decreased respiratory capacity and coupling control in older adults (62 ± 8 years) compared to young (28 ± 7 years) subjects (8) . However, direct measurements of participants' cardiorespiratory fitness were not collected, and the groups were unbalanced for BMI with the older group presenting with increased body fat and higher BMI when compared to the young group. Without controlling for these covariates it is difficult to confirm whether the lower levels of mitochondrial respiration observed in the old group are due to age per se, or are related to differences in cardiorespiratory fitness and body composition.
A number of studies performed ex vivo using permeabilized myofibers have failed to find age-related changes in mitochondrial respiration (12, 13, 15) . Hutter et al. (12) reported full preservation of mitochondrial respiration in older subjects when compared to young men and women. While cardiorespiratory fitness was not evaluated in the study, a significant correlation between percent body fat and mitochondrial respiration was observed, suggesting that mitochondrial respiration is more related to changes in body composition rather than age. Similarly, Larsen et al. (13) reported no differences in mitochondrial respiration between 10 young (23 ± 3 years) and 10 middle-aged (53 ± 3 years) subjects matched for VO 2 max and BMI. Notes: *p < .05. BMI = body mass index; E I+II = maximal electron transfer capacity with substrates for complex I and II; L I (complex I supported leak respiration), P I (complex I supported OXPHOS respiration), P I+II (complex I+II supported OXPHOS respiration). Additionally, a recent study performed by Gouspillou et al. (2) on physically active young (23.7 ± 0.8 years) and older (71.2 ± 1.6 years) subjects showed a mild mitochondrial uncoupling, but preserved mitochondrial content, respiration and ROS emission. These data underscore the potential of physical activity to preserve mitochondrial capacity and quality control in aging (2).
Our study is the first to investigate associations between mitochondrial respiration and quality control in a reasonably large number of subjects (n = 68) with a wider range of age (21-88 years) and BMI (19- 47 kg/m 2 ), and to examine the influence of cardiorespiratory fitness and BMI on these associations. We found no decreases in ex vivo mitochondrial respiration when comparing young, middle-aged, and older sedentary individuals, despite a significant agerelated reduction in VO 2 max. Our results suggest that in our group of older individuals mitochondrial respiratory capacity is not a limiting factor of cardiorespiratory fitness in aging. Considering that the groups were unbalanced for cardiorespiratory fitness (VO 2 max) and adiposity (BMI) we opted for further investigating the association between age and mitochondrial capacity while including these covariates in the regression models. We found that VO 2 max and BMI together heavily influenced mitochondrial respiratory capacity, and that when accounted for these variables no age-related changes in mitochondrial respiration was observed in the sedentary groups. These observations are in line with and extend the findings that physical activity levels and cardiorespiratory fitness are confounders of the relationship between age and mitochondrial respiration (10, 13, 18) . Additionally, our findings revealed that even after controlling for cardiorespiratory fitness, BMI still explains a significant amount of variation in mitochondrial respiratory capacity. The influence of BMI is supported by others that found reduced capacity for lipid oxidation and activity of mitochondrial enzymes in obese subjects (30, 31) . The relationship between BMI and reduced mitochondrial capacity may be due to the interplay between adiposity and the development of insulin resistance and mitochondrial dysfunction (32) or simply to the lack of physical activity and/or other lifestyle factors. More research is needed to elucidate the intricacies of this relationship.
We examined respiratory control ratios/factors, an approach that permits a qualitative comparison of respiratory performance independent of mitochondrial content, methods used to prepare the mitochondria, and variations in assay conditions (33) . We found higher CI and CII control factors in the YA when compared to the sedentary groups. These control factors express the relative change of O 2 flux in response to a transition of substrate availability in a defined coupling state (34) . CI control factor is experimentally induced when rotenone (complex I inhibitor) is added to CI+II-linked respiration and CII control factor when succinate is added to Complex I-linked respiration. The sedentary groups had a reduced CI and CII control factors, compared to the YA group, suggesting that regular physical activity is linked with oxygen flux through complex II and the individuals' ability to increase O 2 flux through complex II in response to a transition of substrate availability, independent of overall mitochondria content.
To determine the association between age and capacity for mitochondrial quality control, we measured several proteins that mediate mitochondrial fusion, fission, autophagy, and mitophagy. The expression of these proteins were not influenced by age in the sedentary group while the young active individuals had elevated levels of fusion and fission proteins. These findings may suggest that physical activity is linked with the capacity for mitochondrial turnover. Recent studies have investigated whether mitochondrial quality control is influenced by aging, but the results are not conclusive and remain to be elucidated (1, 2, 25, 35, 36) . While Konopka et al. (25) and Bori et al. (36) have found no differences in mitochondrial fusion and fission between young and older subjects, Joseph et al. (1) showed that the fusion protein OPA1 was decreased in older individuals when compared to young subjects while MFN2, FIS1, and DRP1 proteins remained the same. The influence of age on autophagy is also not well understood. Fry et al. (35) showed no differences in LC3B-II/LC3B-I ratio between young and older subjects, but found higher expression of Beclin1 in the older group. Additionally, Gouspillou et al. (2) reported no differences in Parkin expression between young and older muscles, but found that the Parkin-to-VDAC ratio is decreased in the older subjects, suggesting that mitophagy may be impaired with aging. Studies that included an exercise intervention have also been performed and reported both similar and distinct quality control responses in young and older adults (25, 35, 36) . Konopka et al. (25) have found an elevation of MFN1, MFN2, and FIS1 protein levels in both young and old subjects with aerobic exercise training (37) . However, Bori et al. (36) showed that in contrast to the higher FIS1 mRNA observed in active young subjects versus young sedentary, old active subjects did not have higher FIS1 than old sedentary subjects, suggesting an altered fission response to chronic exercise with aging. These findings suggest that mitochondrial quality control in response to exercise may not be similar for young and old subjects. Recent animal studies have expanded on the contribution of these processes in regulating exercise adaptations. Caffin et al. found OPA1 deficient mice have impaired exercise training induced mitochondrial biogenesis (38) and Lira et al. report that an increase in basal autophagy is required for exercise training adaptations (39) . These studies indicate that mitochondrial quality control processes are likely involved and important for the remodeling of mitochondria in response to exercise. Interestingly, we also found significant associations between the expression of fusion, fission, and autophagy proteins with BMI and several mitochondrial respiratory states. These results suggest that alterations in mitochondrial quality likely play a significant role in maintaining mitochondrial function. While these data suggest that adiposity plays a role in mitochondrial respiration and expression of quality control proteins, it is important to highlight that BMI was used as an indicator of body fat and obesity, and it is not a direct measure of body fatness, and for an equivalent BMI, older subjects have a higher percentage body fat than young subjects (40) . Future studies using direct measures of body fat, such as dual-energy x-ray absorptiometry (DEXA) or multicomponent models, would provide essential information on the influence of body fat, and its distribution to mitochondrial capacity in aging. Future studies should also include groups of older obese and older active adults to further understand the role of adiposity and cardiorespiratory fitness on mitochondrial respiration in these populations.
In summary, mitochondrial respiratory capacity and expression of mitochondrial quality control proteins are elevated in young physically active individuals, but are similar among sedentary young, middle-aged and older subjects. Our findings suggest that mitochondrial capacity is not influenced by chronological age per se, but is closely related to BMI and cardiorespiratory fitness. Our data provide strong evidence that confounding factors of mitochondrial function, such as adiposity, cardiorespiratory fitness are critical phenotypic characteristics that should be considered in studies of aging muscle. This is essential if we are to provide clarity on the true nature of mitochondrial dysfunction with aging which in turn will allow us to more accurately develop mitochondrial targeted therapeutics in aging.
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